Epstein-Barr virus (EBV) is one of the major oncogenic viruses and is found in nearly 10% of gastric carcinomas. EBV is known to encode its own microRNAs (miRNAs); however, their roles have not been fully investigated. The present report is the largest series to comprehensively profile the expression of 44 known EBV miRNAs in tissue samples from patients with EBV-associated gastric carcinoma. Several miRNAs were highly expressed in EBV-associated gastric carcinoma, and in silico analysis revealed that the target genes of these EBV miRNAs had functions associated with cancer-related pathways, especially the regulation of apoptosis. Apoptosis was reduced in EBV-associated gastric carcinoma tissue samples, and gastric carcinoma cell lines infected with EBV exhibited downregulation of the proapoptotic protein Bid (the BH3-interacting domain death agonist), a member of the Bcl-2 family. The luciferase activity of the reporter vector containing the 3= untranslated region of BID was inhibited by an ebv-miR-BART4-5p mimic in gastric cancer cell lines. Transfection of an ebvmiR-BART4-5p mimic reduced Bid expression in EBV-negative cell lines, leading to reduced apoptosis under serum deprivation. The inhibition of ebv-miR-BART4-5p expression was associated with partial recovery of Bid levels in EBV-positive cell lines. The results demonstrated the antiapoptotic role of EBV miRNA via regulation of Bid expression in EBV-associated gastric carcinoma. These findings provide novel insights in the roles of EBV miRNAs in gastric carcinogenesis, which would be a potential therapeutic target.
infected cells or cells with latency type III infections (12, 14) . The BART cluster is further subdivided into subclusters 1 and 2, containing 38 mature EBV miRNAs in total, and the miRNAs ebvmiR-BART2-5p and ebv-miR-BART2-3p are located downstream of these two clusters. Several studies have profiled EBV-encoded miRNA expression in EBV-associated malignancies, including NPC and DLBCL, and have revealed that specific viral miRNAs play roles in carcinogenesis (15) (16) (17) (18) . Three studies used either Northern blotting or quantitative reverse transcription-PCR (RT-PCR) to measure the expression levels of a limited number of EBV-encoded miRNAs in gastric carcinoma tissues (19) (20) (21) . In addition, two recent reports profiled viral miRNA expression levels in gastric carcinoma cell lines infected with EBV (22, 23) .
The present study is the largest series to comprehensively profile the expression of 44 known EBV-encoded miRNAs in clinical samples from gastric carcinoma patients. We used quantitative RT-PCR to investigate viral miRNA expression in such samples, in cell lines originally derived from EBV-associated gastric carcinoma cells, and in cells secondarily infected with EBV by the cellto-cell contact method (24) . We compared our expression profiles with those previously reported for patients with EBV-associated malignancies, and we identified several viral miRNAs that are frequently highly expressed in EBV-associated gastric carcinoma tissues. We sought the cellular targets of these viral miRNAs using an in silico approach. We focused specifically on apoptosis-related proteins and further investigated their roles in vitro.
MATERIALS AND METHODS
Tissue samples. Viral miRNA expression was examined in tissues from 10 patients with surgically resected EBV-associated gastric carcinoma. An additional 5 NPC cases and 5 EBV-positive DLBCL cases were selected to measure the expression of specific EBV miRNAs. The frequency of apoptosis also was analyzed in 54 surgical specimens (from 19 cases of EBVpositive and 35 cases of EBV-negative gastric carcinoma). Samples were collected from the archives of the Department of Pathology of the University of Tokyo Hospital. The study was approved by the University of Tokyo Ethics Committee. Samples were fixed in formalin and embedded in paraffin. Hematoxylin-and-eosin (H&E)-stained slides were reviewed. The presence of EBV in tumor cells was confirmed by in situ hybridization targeting an EBV-encoded small RNA (EBER-ISH) with an EBER1-RNA oligonucleotide probe, as previously described (25) .
KT tumors were established by inoculating cells of surgically resected EBV-associated gastric carcinoma tissues into SCID mice, as previously described (26) .
Cell lines and culture conditions. The gastric carcinoma cell lines used in the present study were MKN1, NUGC3, AGS, and SNU719. The former three lines originally were derived from gastric carcinoma tissues without EBV infection. The MKN1 line was obtained from the Riken BioResource Center Cell Bank (Tsukuba, Japan), the NUGC3 line from the Japanese Cancer Research Resource Bank (Osaka, Japan), and the AGS line from the American Type Culture Collection (Manassas, VA). The SNU719 line was derived from EBV-associated gastric carcinoma tissue and was obtained from the Korean Cell Line Bank (Seoul, South Korea). All cell lines were authenticated using the short tandem repeat-PCR method. Cell lines were cultured in RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% (vol/vol) fetal calf serum (FCS) (MP Biomedicals, Solon, OH), penicillin (40 U/ml), and streptomycin (50 g/ml) at 37°C under 5% (vol/vol) CO 2 .
EBV infection. MKN1, NUGC3, and AGS cells were infected with recombinant EBV using the cell-to-cell contact method (24) . Cells of a Burkitt's lymphoma line, Akata, were modified to produce recombinant EBV in which a neomycin resistance gene was inserted into BXLF1; this virus was used in the present study. EBV-infected cells were obtained after bulk selection with G418 (700 g/ml; Sigma-Aldrich, St. Louis, MO). The establishment of EBV infection was confirmed by detecting EBER-ISH in cells grown on plastic slides after fixation in 10% (vol/vol) formalin. The expression of EBV latent genes (BARF0, EBER, EBNA1, EBNA2, LMP1, and LMP2A) was evaluated using RT-PCR as previously described (26) . EBV-infected cells were maintained in bulk in RPMI 1640 medium supplemented with 10% (vol/vol) FCS and G418 (50 g/ml).
RNA extraction and quantitative RT-PCR. Total RNAs, including miRNAs, were extracted from paraffin-embedded tissues of surgically resected samples and KT tumors using RecoverAll total nucleic acid isolation kits for formalin-fixed, paraffin-embedded tissues (Life Technologies, Carlsbad, CA). Total RNA was extracted from cultured cells using mirVana miRNA isolation kits (Life Technologies).
For miRNA analysis, mature miRNAs were reverse transcribed and quantitative PCR was performed using TaqMan MiRNA assays detecting ebvmiR-BART1-5p (1), ebv-miR-BART1-3p, ebv-miR-BART2-5p (2), ebv-miR-BART2-3p, ebv-miR-BART4-5p (4), ebv-miR-BART4-3p (4*), ebv-miR-BART5-5p (5), ebv-miR-BART5-3p (5*), ebv-miR-BART6-5p, ebv-miR-BART6-3p, ebv-miR-BART7-5p (7*), ebv-miR-BART7-3p (7), ebv-miR-BART8-5p (8), ebv-miR-BART8-3p (8*), ebv-miR-BART9-5p (9*), ebv-miR-BART9-3p (9), ebv-miR-BART11-5p, ebv-miR-BART11-3p, ebv-miR-BART12, ebv-miR-BART13-5p (13*), ebv-miR-BART13-3p (13), ebv-miR-BART14-5p (14*), ebvmiR-BART14-3p (14) , ebv-miR-BART15, ebv-miR-BART16, ebvmiR-BART17-5p, ebv-miR-BART17-3p, ebv-miR-BART18-5p (18), ebv-miR-BART18-3p, ebv-miR-BART19-5p, ebv-miR-BART19-3p (19) , ebv-miR-BART20-5p, ebv-miR-BART20-3p, ebv-miR-BART21-5p, ebv-miR-BART21-3p, ebv-miR-BART22, ebv-miR-BHRF1-1, ebv-miR-BHRF1-2-5p (1-2*), ebv-miR-BHRF1-2-3p (1-2), and ebvmiR-BHRF1-3, as well as custom TaqMan small RNA assays detecting ebv-miR-BART3-5p (3*), ebv-miR-BART3-3p (3), ebv-miR-BART10-5p (10*), and ebv-miR-BART10-3p (10) . The figures in parentheses indicate the previous mature miRNA identifier. The assays were performed according to the protocols of the manufacturer (Life Technologies). Viral miRNA expression data first were normalized to those for a reference RNA, RNU6B, and expression levels relative to those of ebv-miR-BART19-5p were calculated next.
To quantify mRNAs encoding apoptosis-related proteins (Bax, Bid, Bim, and Bmf), total RNA was reverse transcribed using the SuperScript II firststrand synthesis system (Life Technologies) and random primers. Quantitative RT-PCR was performed using TaqMan Gene Expression assays (Life Technologies) according to the manufacturer's protocol. Data were normalized to the expression level of mRNA encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Quantitative RT-PCR analyses were performed using the 7300 real-time PCR system (Life Technologies). In silico prediction of cellular targets of viral miRNAs. The top 10 viral miRNAs (by prevalence) expressed in EBV-associated gastric carcinoma tissues were selected, and seed sequences were obtained from miRBase. These sequences were input to TargetScanHuman Custom 5.2 (http://www.targetscan.org/vert_50/seedmatch.html) to identify potential target genes. To identify pathways possibly dysregulated by EBV miRNAs, listed genes were uploaded to the Functional Annotation Tool of DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov) (27, 28 ). An enrichment was considered to be significant when the modified Fisher P value was Ͻ0.05. Potential target genes related to apoptosis identified by TargetScanHuman Custom 5.2 also were confirmed using two different programs, TargetRank (http://genes.mit.edu/targetrank) and RepTar (http://reptar .ekmd.huji.ac.il).
TUNEL. The frequency of apoptosis was evaluated in 54 surgically resected specimens using the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method according to the manufacturer's protocol (ApopTag peroxidase in situ apoptosis detection kit; EMD Millipore, Billerica, MA). , with a protease inhibitor cocktail), and protein samples (10 g) were loaded onto and separated on 15% (wt/vol) SDS polyacrylamide gels. After transfer to polyvinylidene difluoride (PVDF) membranes, proteins were probed using the following primary antibodies: anti-human Bax antibody (clone D2D3; 1:1,000 dilution; Cell Signaling, Danvers, MA); anti-human Bid (clone ab2388; 1:500; Abcam, Cambridge, United Kingdom); anti-human Bim (clone C34C5; 1:1,000; Cell Signaling); anti-human Bmf (clone G81; 1:1,000; Cell Signaling); anti-cleaved caspase-3 (clone asp175; 9661; 1:1000; Cell Signaling); or anti-actin (clone A5441-2ML; 1:10,000; SigmaAldrich). Probing with secondary antibodies followed; these were antirabbit-horseradish peroxidase (HRP; 1:10,000; Jackson, West Grove, PA) and anti-mouse-HRP (1:10,000; Jackson). Stained proteins were visualized using the ImmunoStar LD system (Wako, Osaka, Japan) according to the manufacturer's protocol. Signal intensity was quantified using the LAS-3000 system (Fujifilm Corp., Tokyo, Japan) and Multi Gauge, version 3.0 (Fujifilm).
Luciferase reporter assay. To evaluate the effect of ebv-miR-BATR4-5p on the expression of the putative target gene, BID, a luciferase reporter assay was performed. Six cell lines, MKN1, MKN1-EBV, NUGC3, NUGC3-EBV, AGS, and AGS-EBV, were seeded in 96-well plates (2.0 ϫ 10 4 cells/well) and were transfected with the pEZX-MT01 vector containing the 3= untranslated region (UTR) fragment of BID (GeneCopoeia, Rockville, MD) using ViaFect transfection reagent (Promega, Madison, WI). Mutations to putative binding sites of ebv-miR-BART4-5p were introduced using a QuikChange lightning site-directed mutagenesis kit (Agilent, Santa Clara, CA), and this mutant was transfected into cell lines similarly. After 24 h, ebv-miR-BART4-5p mimic or negative control was transfected into MKN1, NUGC3, and AGS cells using Lipofectamine RNAiMax transfection reagent (Life Technologies). Luciferase activity was measured 24 h posttransfection using a Dual-Glo luciferase assay system (Promega) and the EnSpire plate reader (PerkinElmer, Waltham, MA) according to the manufacturer's protocol.
Transfection with inhibitors and mimics of miRNA. EBV-negative cells (MKN1, NUGC3, and AGS) or EBV-infected cells (MKN1-EBV, NUGC3-EBV, and AGS-EBV) were seeded at 2 ϫ 10 5 cells per well into 6-well plates and transfected with miRNA inhibitors, miRNA mimics, or negative controls (Life Technologies) using the RNAiMAX transfection agent (Life Technologies). The final concentrations of miRNA inhibitors and mimics were 30 nM and 3 nM, respectively. Total RNA was collected for assay at 24 h and 48 h posttransfection.
Induction of apoptosis by serum deprivation. EBV-negative cell lines MKN1, NUGC3, and AGS were cultured in serum-free RPMI 1640 for 48 h in tissue culture slides and 6-well plates. After fixation with 4% paraformaldehyde and staining with hematoxylin, apoptotic cells were counted and the proportions of these cells among viable cells were calculated. Proteins also were extracted, and Western blotting using anti-cleaved caspase-3 antibody was performed.
Statistical analysis. Statistical analysis was performed using Student's t test. A comparative difference was considered significant when the P value was Ͻ0.05.
RESULTS
Viral miRNA profiling of EBV-associated gastric carcinoma tissues using quantitative RT-PCR. The clinicopathological features of EBV-associated gastric carcinoma cases examined are summarized in Table 1 . EBV-associated gastric carcinoma tended to arise in the upper to middle region of the stomach in older patients and exhibited a striking male predominance. The 5-year survival rate of our patients was 78%. These findings are consistent with those of previous reports (4). Tumor tissue was extracted from formalin-fixed and paraffin-embedded tissues from each case and subjected to quantitative RT-PCR analysis. Figure 1A shows the relative expression levels of viral miRNAs normalized to that of ebv-miR-BART19-5p in each of 10 EBV-associated gastric carcinoma samples. Of 44 known viral miRNAs, 40 were expressed at different levels in the tested samples. However, no miRNA of the BHRF cluster was detected. These results are consistent with those of previous reports to the effect that BHRF miRNAs were not expressed in either NPC or DLBCL samples (15) (16) (17) (18) . No viral miRNA was detected in normal gastric tissue samples obtained from the same patients (data not shown). EBER-ISH confirmed that EBV was present only in tumor cells, not in lymphocytes infiltrating the tumor or the background normal mucosa. Therefore, the viral miRNAs are considered to originate from tumor cells, not lymphocytes. Figure 1B compares the average miRNA expression levels in the 10 cases to those in KT tumors (inoculated into and maintained in SCID mice) and SNU719 (a cell line derived from EBV-associated gastric carcinoma). The viral miRNA expression profiles were similar in clinical samples, KT tumors and SNU719 cells, but the expression levels of miRNAs in BART subcluster 2 were relatively low in SNU719 cells compared to those of clinical samples and KT tumors. Of all miRNAs detected, ebv-miR-BART7-3p exhibited the highest level of expression, followed by ebv-miR-BART9-3p, ebv-miR-BART1-3p, ebv-miR-BART5-5p, ebv-miR-BART14-3p, ebv-miR-BART10-3p, ebv-miR-BART4-5p, ebv-miR-BART1-5p, ebv-miR-BART2-5p, and ebv-miR-BART15. ebvmiR-BART2-3p, ebv-miR-BART7-5p, ebv-miR-BART9-5p, ebv-miR-BART10-5p, ebv-miR-BART14-5p, ebv-miR-BART18-3p, ebv-miR-BART20-5p, and ebv-miR-BART20-3p were expressed at extremely low levels. In contrast to the previous reports, which demonstrated high expression of ebv-miR-BART22 in NPC and lymphoma, the expression of ebv-miR-BART22 was low in our gastric carcinoma tissues. Therefore, the expression of ebv-miR-BART7-3p and ebv-miR-BART22 additionally were measured in 5 NPC cases and 5 EBV-positive DLBCL cases. The expression levels of ebv-miR-BART7-3p and were ebv-miR-BART22 first were normalized to those of RNU6B, and the relative expression levels (ebv-miR-BART7-3p/ebv-miR-BART22) are shown in Fig. 1C . The expression of ebv-miR-BART22 was low in NPC and DLBCL, similar to the case for gastric carcinoma.
EBV miRNA expression in cell lines. We next measured the expression levels of the top 10 viral miRNAs in cell line models of EBV-associated gastric carcinoma (Fig. 1D) . The relative expression level of each miRNA first was normalized to that of RNU6B and, second, to that of ebv-miR-BART15. All 10 viral miRNAs were expressed in EBV-infected MKN1, NUGC3, and AGS cells, similar to the results obtained from clinical samples. No original cell line (i.e., not EBV infected) expressed EBV miRNAs. Thus, in vitro infection of gastric carcinoma cell lines with EBV induced viral miRNA expression, and such cells can be used as models of EBV-associated gastric carcinoma.
Prediction of the targets of viral miRNAs in EBV-associated gastric carcinoma. The in silico prediction of target genes was performed using TargetScanHuman Custom 5.2. A total of 2,564 genes were predicted to be targeted by the top 10 viral miRNAs expressed in EBV-associated gastric carcinoma. The list was uploaded to the Functional Annotation Tool of DAVID Bioinformatics Resources 6.7, and analysis showed that 34 pathways (24 KEGG pathways, 8 Reactome pathways, and 2 Biocarta pathways) potentially were targeted (Table 2 ). Cancer pathways of the KEGG database contained 37 potentially targeted genes, including genes associated with oncogenesis. These were composed of oncogenes (e.g., KRAS), tumor suppressor genes (e.g., APC and PTEN), signal transduction genes (e.g., GRB2, STAT5B, SOS1, PDGFRA, WNT4, and WNT5A), apoptosis-related genes (e.g., BID and CASP3), and others. Cell-to-cell adhesion-associated pathways also were targeted by EBV miRNAs, including focal adhesion pathways (31 genes), tight junction pathways (16 genes), and adherence junction pathways (14 genes). Interestingly, apoptosisrelated pathways were listed in all three databases as being targeted by EBV miRNAs. Recently, several studies have investigated the role played by EBV miRNA in inhibition of apoptosis, especially in terms of the activities of the Bcl-2 family proteins, including Bim and PUMA (29, 30) . We found that six genes of the Bcl-2 family potentially were targeted by EBV miRNAs, and the findings were confirmed by using different target prediction programs, TargetRank and RepTar. These target genes were BAK1, BCL2L15, BCL2L2, BCL2L11, BID, and BMF, encoding the apoptosis-associated proteins Bak, Bfk, Bcl-w, Bim, Bid, and Bmf, respectively. Bak and Bfk are members of the Bax subfamily, whereas Bim, Bid, and Bmf are BH3-only proteins. These proteins interact with Bcl-2 and induce apoptosis. Bcl-w belongs to the Bcl-2 subfamily and inhibits apoptosis.
Decreased apoptosis in EBV-associated gastric carcinoma tissue. The TUNEL method was used to explore the apoptotic status of 54 surgically resected specimens (Fig. 2) . The apoptotic rate was lower in EBV-associated gastric carcinoma tissues (19 cases; average, 1.87%) than in EBV-negative gastric carcinoma tissues (35 cases; average, 3.21%); this difference was statistically significant (P ϭ 0.024 by Student's t test). This result is consistent with that of our previous study showing a decrease in apoptosis in EBV-positive gastric carcinoma cell lines (31) .
Expression of apoptosis-related proteins in vitro. To explore the antiapoptotic role played by EBV, we used Western blotting to quantify the levels of four proapoptotic proteins, Bak, Bim, Bid, and Bmf, in vitro. The results obtained from target prediction programs showed that Bid was a potential target of ebv-miR-BART4-5p; thus, we selected it as a potential regulator of apoptosis in EBV-associated gastric carcinoma and further investigated its role in vitro.
Regulation of Bid protein expression by ebv-miR-BART4-5p. To test the effect of ebv-miR-BART4-5p on the expression of Bid, a luciferase reporter assay was performed in gastric carcinoma cell lines. The luciferase activity was measured by introducing the reporter vector containing the wild-type 3= UTR of Bid and the vector containing mutations in the putative binding site of ebvmiR-BART4-5p (Fig. 4A) . Bid expression was reduced in cells transfected with wild-type vector and the ebv-miR-BART4-5p mimic compared to that of the negative control, while no significant reductions were observed when they were transfected with mutant vector (Fig. 4B) . To evaluate the inhibitory effect of endogenously expressed ebv-miR-BART4-5p, EBV-positive and -negative cells also were transfected with wild-type or mutant vectors. Luciferase activities of the wild-type vector were normalized to that of the mutant vector, and the reduction rates of Bid expression were compared (Fig. 4C) . EBV-positive cell lines showed reduced Bid expression compared to that of EBV-negative cells. The reduction in rates of Bid expression by the ebv-miR-BART4-5p mimic were almost similar to those observed in EBV-positive cells.
We next performed Western blot analysis to assess the expression of Bid in cell lines transfected with the ebv-miR-BART4-5p mimic (Fig. 5A to C) . Transfection of an ebv-miR-BART4-5p mimic into EBV-negative cell lines decreased the level of Bid expression in MKN1 and NUGC3 cells (24 h and 48 h posttransfection) as well as AGS cells (48 h posttransfection). In contrast, transfection of an ebv-miR-BART4-5p inhibitor into EBV-positive cells triggered the recovery of Bid expression in MKN1-EBV cells (24 h and 48 h posttransfection) and a slight increase in Bid expression level in NUGC3-EBV cells (48 h posttransfection). The ebv-miR-BART4-5p inhibitor did not affect the Bid level of AGS-EBV cells (Fig. 5D to F) . Quantitative RT-PCR analysis showed that the expression level of Bid mRNA was not affected by transfection of the ebv-miR-BART4-5p mimic or the ebv-miR-BART4-5p inhibitor. These results show that ebv-miR-BART4-5p miRNA regulates Bid expression at the posttranscriptional level, although the recovery level of Bid expression by inhibiting ebv-miR-BART4-5p was relatively lower than that expected from the results of its mimic transfection experiment.
Effect of ebv-miR-BART4-5p expression on apoptosis. To explore the effect of ebv-miR-BART4-5p expression on apoptosis, MKN1, NUGC3, and AGS cells were transfected with ebv-miR-BART4-5p mimic or negative control and cultured for 48 h in serum-deprived RPMI 1640. The frequency of apoptotic cells was significantly higher in MKN1, NUGC3, and AGS cells transfected with the negative control (averages of 5.45%, 0.81%, and 2.02%, respectively) compared to those of cells transfected with the ebvmiR-BART4-5p mimic (averages of 3.49%, 0.47%, and 0.77%, respectively). Similarly, Western blot analysis demonstrated the reduced expression of cleaved caspase-3 levels in all three cell lines transfected with the ebv-miR-BART4-5p mimic, also indicating reduced apoptosis.
DISCUSSION
In the time since Pfeffer et al. first reported that EBV encoded miRNAs, increasing numbers of EBV miRNAs have been sequenced and deposited in databases (12) . Several groups have profiled the expression of these viral miRNAs in the tissues or cell lines of various EBV-associated malignancies using different methods, including miRNA microarrays, multiplex RT-PCR, and deep sequencing (15-18, 20, 21, 32-35) . The present study is the largest to conduct comprehensive profiling of 44 known EBV miRNAs in EBV-associated gastric carcinoma tissues. The comparison of our data with previous works revealed that some EBV miRNAs (ebvmiR-BART1-3p, ebv-miR-BART1-5p, ebv-miR-BART2-5p, ebv-miR-BART3-3p, ebv-miR-BART4-5p, ebv-miR-BART5-5p, ebv-miR-BART9-3p, ebv-miR-BART10-3p, ebv-miR-BART14-3p, ebv-miR-BART16, ebv-miR-BART19-3p, ebv-miR-BART20-5p, ebv-miR-BART20-3p, and ebv-miR-BART22) commonly were highly expressed in various kinds of tumors. High expression of ebv-miR-BART7-3p was evident in almost all reports, suggesting that ebv-miR-BART7-3p is important in EBV-associated malignancies. The expression levels of ebv-miR-BART1-3p, ebvmiR-BART2-5p, ebv-miR-BART3-3p, ebv-miR-BART4-5p, ebvmiR-BART5-5p, and ebv-miR-BART9-3p were high in epithelial tumors. The expression of EBV miRNA also was associated with latency types; ebv-miR-BART14-3p was expressed at high levels in tumors of latency type I (gastric carcinoma and some forms of lymphoma), whereas ebv-miR-BART6-3p and ebv-miR-BART8-3p were highly expressed in tumors of latency type II (NPC). ebv-miR-BART20-5p and ebv-miR-BART20-3p were highly expressed in cell lines derived from NPC and B-cell lymphomas but not in tissue samples. While expression of ebv-miR-BART22 was low in gastric carcinoma, its expression level was nearly as high as that of ebv-miR-BART7-3p in lymphomas and NPCs in previous studies. However, our additional experiment to compare expression levels of ebv-miR-BART7-3p and ebv-miR-BART22 in NPC and DLBCL showed that relatively low expression of ebv-miR-BART22 was observed in these tumors as well as in gastric carcinoma. The discrepancy may be caused by the different sample types (cell lines or tissues), the differences among individuals, and different detection methods. It also is assumed that the oncogenic roles played by EBV miRNAs in different types of EBV-associated malignancy exhibit both similarities and differences. These findings indicate that caution should be exercised when seeking to apply data from in vitro experiments at a clinical level.
In silico analysis showed that the genes targeted by highly expressed EBV miRNAs were associated with oncogenesis, cell adhesion, signal transduction, and apoptosis, all of which are essential for the development and progression of cancer. As EBVassociated gastric carcinoma exhibited less apoptosis than control EBV-negative gastric carcinoma, we specifically focused on expression of apoptosis-associated proteins and found that Bid was downregulated in EBV-positive cell lines. Bid, also termed the BH3 interacting domain death agonist, belongs to the BH3-only protein of the Bcl-2 family. The protein is a death agonist forming heterodimers with either the agonist Bax or the antagonist Bcl-2, and it mediates mitochondrial damage induced by caspase-8. In silico analysis indicated that Bid was a target of ebv-miR-BART4-5p, and this was confirmed by luciferase assay. Transfection of ebv-miR-BART4-5p mimic caused Bid suppression, leading to reduced apoptosis. These results suggest that reduction of apoptosis in EBV-associated gastric carcinoma is attributable to the expression of ebv-miR-BART4-5p, which in turn controls the level of the proapoptotic protein Bid.
Another finding is that Bid suppression was more significant in EBV-infected cells than in cells transfected with ebv-miR-BART4-5p mimic alone. Furthermore, recovery of Bid expression by ebv-miR-BART4-5p inhibitor was partial in EBV-positive cell lines. From these results, it is assumed that there are some other factors that regulate Bid expression. EBV latent genes may be the candidates, since they are known to play roles in regulating cell proliferation and apoptosis, although our preliminary experiment failed to show direct effects of these genes on Bid expression (data not shown). In addition, considering the fact that transfection of ebv-miR-BART4-5p mimic alone reduced apoptosis, it is speculated that ebv-miR-BART4-5p also targets other apoptosis-related genes as well as Bid. For example, Marquitz et al. demonstrated that the expression of the proapoptotic protein Bim was downregulated by several EBV miRNAs located in ebv-miR-BART cluster 1, to which ebv-miR-BART4-5p belongs (29) . Several miRNAs in cluster 1 have been demonstrated to show both antiapoptotic and proapoptotic effects, and it is possible that several EBV miRNAs interact to cooperatively regulate apoptosis via different apoptosis-related proteins (30, 36, 37) . Further work is necessary to clarify the complex mechanism by which EBV miRNAs regulate apoptosis-related proteins and the potential relationship with latent genes and tumor subtypes.
Viral miRNAs may be useful targets in cancer detection and therapy. Some EBV miRNAs are secreted and may be detected in plasma of nasopharyngeal carcinoma patients (38) (39) (40) . Thus, EBV miRNA can be used as a biomarker predicting tumor progression and therapeutic response. As some EBV miRNAs inhibit apoptosis, specific targeting of such miRNAs and their precursors may be therapeutically effective and are associated with fewer side effects than is the use of conventional cytotoxic anti-cancer drugs.
In conclusion, we present the comprehensive profile of the expression of 44 known EBV miRNAs in clinical samples from EBV-associated gastric carcinoma patients. We found that, of several highly expressed EBV miRNAs, ebv-miR-BART4-5p plays a partial role in suppressing proapoptotic protein Bid, leading to reduced apoptosis. Although further investigation is necessary to elucidate other possible factors related to the antiapoptotic effect caused by EBV, our findings provide novel insights in the roles played by EBV miRNAs in gastric carcinogenesis and identify future potential therapeutic targets.
